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Abstract. Observations from passive microwave satellite
sensors have provided a continuous and consistent record
of sea ice extent since late 1978. Earlier records, compiled
from ice charts and other sources exist, but are not consistent
with the satellite record. Here, a method is presented to ad-
just a compilation of pre-satellite sources to remove discon-
tinuities between the two periods and create a more consis-
tent combined 59-yr time series spanning 1953–2011. This
adjusted combined time series shows more realistic behav-
ior across the transition between the two individual time se-
ries and thus provides higher conﬁdence in trend estimates
from 1953 through 2011. The long-term time series is used
to calculate linear trend estimates and compare them with
trend estimates from the satellite period. The results indicate
that trends through the 1960s were largely positive (though
not statistically signiﬁcant) and then turned negative by the
mid-1970s and have been consistently negative since, reach-
ing statistical signiﬁcance (at the 95% conﬁdence level) by
the late 1980s. The trend for September (when Arctic ex-
tent reaches its seasonal minimum) for the satellite period,
1979–2011 is −12.9% decade−1, nearly double the 1953–
2011trendof−6.8%decade−1 (percentrelativetothe1981–
2010 mean). The recent decade (2002–2011) stands out as a
period of persistent decline in ice extent. The combined 59-
yr time series puts the strong observed decline in the Arctic
sea ice cover during 1979–2011 in a longer-term context and
provides a useful resource for comparisons with historical
model estimates.
1 Introduction
Arctic sea ice cover derived from satellite-borne passive mi-
crowave data provides one of the longest and most consis-
tent satellite climate records. These observations, beginning
in October 1978, indicate a signiﬁcant decline in sea ice areal
extent, particularlyduring summer, which is oneof the iconic
signals of long-term climate change. The decline in Arctic
summer sea ice extent has substantial implications for peo-
ple and wildlife living within the Arctic and on regional and
global climate (e.g., AMAP, 2011).
Several different algorithms have been developed to derive
sea ice concentration (ice-covered fraction of a grid cell) and
total sea ice extent (total areal coverage of ice above a 15%
concentration threshold) from passive microwave brightness
temperatures, beginning with the NASA Team (Cavalieri et
al., 1984) and Bootstrap (Comiso, 1986) algorithms, fol-
lowed later by the development of other algorithms. The al-
gorithm products can yield substantially different total extent
values due to use of different passive microwave frequencies
and polarizations and the relative sensitivities of the combi-
nation of channel emission from ice of different age, thick-
ness, and internal properties (e.g., salinity) as well as sensi-
tivity to atmospheric emission.
However, while absolute differences between algorithm
products can be substantial (several hundred thousand square
kilometers in total extent) (Kattsov et al., 2010), the value of
the passive microwave derived sea ice extent ﬁelds is that
for a given algorithm the estimates are consistent over time.
This is because they are based on input from a series of sen-
sors that have nearly the same characteristics in terms of spa-
tial/temporal resolution and frequency/polarization. To ac-
count for differences that do exist, an intercalibration can be
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performed at the product level by adjusting algorithm coefﬁ-
cients (Cavalieri et al., 2011; Meier et al., 2011) to minimize
the differences in concentration and extent estimates from
the different sensors (e.g., Cavalieri et al., 1999; Comiso and
Nishio, 2008). Adjusting coefﬁcients has been found to re-
sult in more consistent time series of geophysical parame-
ters,evenwhenusingintercalibratedsourcedata(i.e.,passive
microwave brightness temperatures) (e.g., Zabel and Jezek,
1994; Derksen et al., 2003).
These passive sea ice products have been used in numer-
ous studies of Arctic climate and impacts of climate change
encompassing: impacts on coastal erosion (Overeem et al.,
2011), effects on wildlife such as polar bears (e.g., Stir-
ling and Parkinson, 2006), relationship to greenhouse gas
emissions (Johannessen, 2008), possible inﬂuences on mid-
latitude climate (e.g., Overland et al., 2010; Liu et al., 2012;
Francis and Vavrus, 2012), model evaluations (e.g., Adams
et al., 2011; Jahn et al., 2012), data assimilation (e.g., Lind-
say and Zhang, 2006), and assessment of model projections
(Stroeve et al., 2007, 2012; Wang and Overland, 2009, 2012).
The data have of course also been used to directly ana-
lyze time series of Arctic sea ice trends and variability (e.g.,
Bjørgo et al., 1997; Meier et al., 2007; Comiso and Nishio,
2008; Stroeve et al., 2011; Cavalieri and Parkinson, 2012).
Despite differences in algorithms and processing methods re-
sulting in slightly different trend estimates between the dif-
ferent studies, all show a substantial downward trend in to-
tal sea ice extent through the satellite record. Analyzes of
regional and seasonal trends indicate statistically signiﬁcant
trends at the 99% level in nearly all regions and during all
times of the year (e.g., Meier et al., 2007; Cavalieri and
Parkinson, 2012).
The consistent and complete passive microwave satellite
record is now 34yr in length, which is sufﬁcient to assess
long-term climate trends. However, there is the desire to ex-
tend the sea ice time series beyond the satellite record to pro-
vide insight into potential multi-decadal variability and for
comparisons to long-term model simulations, among other
applications. Various pre-1979 data products exist, including
some passive microwave data from an early single-channel
radiometer, but these are primarily based on operational ice
charts produced in support of navigation in the Arctic. They
are typically regional in nature, covering speciﬁc seas or
sectors within the Arctic, such as: the Russian Arctic (Ma-
honey, 2008; Mahoney et al., 2008), the Beaufort/Chukchi
Seas (NSIDC, 2005) the Canadian Arctic (Tivy et al., 2011),
and the Nordic Seas (Divine and Dick, 2006, 2007). Also,
they are of variable lengths and quality, depending on the
input data sources (e.g., ship observations, aircraft recon-
naissance, etc.). Basin-wide Arctic extents have been com-
piled for 1972–2007, based on US National Ice Center charts
(Dedrick et al., 2001; NIC, 2006).
Several years ago, some of these pre-1979 ice analyses
were compiled into monthly basin-wide sea ice extent es-
timates for 1953–1978, (Walsh and Johnson, 1979). This
dataset was later extended to 1901, though a ﬂat climatology
was used to ﬁll in many months with little or no data in years
preceding 1953 (Chapman and Walsh, 2001); satellite obser-
vations were also added for the period after 1979, though
there was no overlap between the pre-satellite and satellite
periods. This product was later integrated into a long-term
climatology produced by the UK Hadley Center for use in
model simulations (Rayner et al., 2003).
These products have been used for some basic time series
analyses (Meier et al., 2007), model comparisons (Stroeve
et al., 2007), and assessment of the role of anthropogenic
forcing in the sea ice decline (Notz and Marotzke, 2012).
However, they are not consistent with the passive microwave
satellite record and any quantitative estimates of trends or
variability across the 1978–1979 boundary are limited by un-
certainties resulting from the inconsistent data sources. Here
we present a simple method to homogenize a pre-satellite sea
ice extent record with the satellite period and create a more
consistent time series from 1953 to 2011, which can be con-
sistently updated into the future.
2 Datasets
The homogenized combined time series is created from three
individual products: a consistent passive microwave record
using multiple channels (frequencies and polarizations), an
extended passive microwave record that also incorporates
an early 1970s single-channel passive microwave radiome-
ter, and the pre-1979 part of the Hadley Centre climatology.
Each dataset is summarized below with references for details
of the processing methods.
2.1 Passive microwave NASA team, Sea Ice Index (SII)
The passive microwave sea ice extents used here are from
the NSIDC Sea Ice Index (Fetterer et al., 2002; http://nsidc.
org/data/seaice index/) and are calculated from the NASA
Team (NT) algorithm, originally developed at NASA God-
dard Space Flight Center (Cavalieri et al., 1984). The algo-
rithm has been run with input brightness temperatures from
a series of passive microwave sensors, beginning with the
Nimbus-7 Scanning Multichannel Microwave Radiometer
(SMMR) and continuing through a series of Defense Meteo-
rological Satellite Program Special Sensor Microwave Im-
agers (SSM/I) and Special Sensor Microwave Imager and
Sounders (SSMIS).
The SII product is based on a set of ﬁnal, fully quality
controlled ﬁelds for 1979–2010 processed at NASA God-
dard (Cavalieri et al., 1996; http://nsidc.org/data/nsidc-0051.
html), produced on a 25km×25km polar stereographic
grid. They include post-processing quality control, including
algorithm coefﬁcient adjustments for consistency across sen-
sor transitions, automated correction of weather effects and
ﬁlteringoffalseiceduetomixedland/watergridcells,spatial
The Cryosphere, 6, 1359–1368, 2012 www.the-cryosphere.net/6/1359/2012/W. N. Meier et al.: Providing a more consistent Arctic sea ice extent time series 1361
or temporal interpolation of missing data, and a ﬁnal man-
ual quality control step to remove/replace bad data (Cavalieri
et al., 1999). For recent periods, the SII is augmented with
a near real-time version of the NT algorithm, processed at
NSIDC (Maslanik and Stroeve, 1999; http://nsidc.org/data/
nsidc-0081.html).
Several other passive microwave sea ice algorithms have
been developed (e.g., the Bootstrap algorithm by Comiso,
1986). While differences between algorithm products can be
substantial in some areas (e.g., Meier, 2005; Andersen et al.,
2007) and the total sea ice extent estimates can have a wide
spreadbetweenalgorithms,thetrendsandvariabilityaresim-
ilar (e.g., Comiso et al., 1997; Kattsov et al., 2010). We use
the SII estimates based on the NASA Team algorithm be-
cause (1) they have a long heritage and have been well val-
idated, (2) they are most consistent with the extended pas-
sive microwave time series discussed below, (3) the estimates
are easily accessible, and (4) they are widely used within the
community. Monthly data are available from SMMR starting
in November 1978 and near real-time data are updated each
month. For the simplicity of working with whole years, in
this analysis we use Sea Ice Index extents for January 1979
through December 2011, a 33-yr time series.
2.2 Extended passive microwave (XPM)
The sensors used in the consistent, long-term passive mi-
crowave sea ice time series, SMMR-SSM/I-SSMIS, are
multi-channel (ﬁve frequencies, four with dual polarization).
Preceding this multichannel passive microwave era, a single-
channel sensor, the Electrically Scanning Microwave Ra-
diometer (ESMR) on the NASA Nimbus-5 platform operated
from late 1972 through early 1977. Because it was only a sin-
gle channel instrument, the NT algorithm is not applicable
and a single-channel algorithm was used. There were sev-
eral quality control issues with ESMR, limiting data collec-
tion. Nonetheless, daily and monthly sea ice concentration
and extent estimates have been produced for most months
between January 1973 and December 1977 (Parkinson et
al., 1987a, b, 1999; http://nsidc.org/data/nsidc-0009.html).
These ﬁelds were produced on the same 25km×25km polar
stereographic grid as the data for the SII estimates.
The different algorithms, limited data quality, and the lack
of an overlap between the ESMR and SMMR complicate
merging of the ESMR extents with the SII values in a con-
sistent manner. However, Cavalieri et al. (2003) combined
the two passive microwave time series by using operational
ice charts from the US National Ice Center (Dedrick et al.,
2001) to cross-calibrate between the SMMR-SSM/I record
and ESMR and bridge the gaps within ESMR and between
ESMR and the multi-channel passive microwave record, cre-
ating a 30-yr time series spanning January 1972 through
December 2002 (http://nsidc.org/data/smmr ssmi ancillary/
area extent.html#merged), denoted here as the “XPM” time
series. In the process, adjustments were made to both passive
microwave records and this XPM time series is not entirely
consistent with the SII time series.
2.3 Hadley ISST (Hadley)
The UK Hadley Centre has created a long-term sea ice and
sea surface temperature product (HadISST) starting in 1870
(Rayner et al., 2003; http://www.metofﬁce.gov.uk/hadobs/
hadisst/), with the primary purpose to force atmospheric
GCMs and to evaluat coupled atmosphere-ocean models. For
the 1901–1978 period, the sea ice product is based on the
Walsh products (Walsh and Johnson, 1979; Walsh and Chap-
man, 2001) that were compiled from several sources, includ-
ing operational ice charts of varying quality and complete-
ness. After 1978, passive microwave data are used, including
the same product as the SII values for 1979–1996 (ESMR
data were not used), although there are some differences dur-
ing this period in the method to calculate extent (including
spatial interpolation). However, post-1996, a different pas-
sive microwave product is used that is not consistent with
the Sea Ice Index. Adjustments were made to the passive mi-
crowave ﬁelds to account for limitations of the passive mi-
crowave data in regions with thin ice and surface melt; such
adjustmentsprimarilyaffectedspringandsummervalues.Fi-
nally,theHadleydatasetisproducedona1◦×1◦ grid,amuch
lower spatial resolution than the passive microwave products,
which are at 25km×25km nominal grid spacing. These fac-
tors result in a product that is not consistent across the tran-
sition between the satellite and pre-satellite record, nor is it
consistent during the satellite era starting in 1979.
As noted above, the Walsh datasets (and hence the Hadley
dataset) contain few observations before 1953 and use
mostly climatological averages, so realistic time-varying ex-
tent records start in January 1953. Thus, here we employ the
1953–1978 period from Hadley, a 26-yr time series.
3 Methodology
These three datasets used here encompass three overlapping
periods. The pre-satellite period of the Hadley dataset spans
1953–1978, the XPM product covers 1972–2002, and the SII
encompasses 1979–2011. Here we present an approach to
use these three time series to create a single 59-yr time series
for 1953–2011 that is consistent enough to track trends and
variability with higher conﬁdence. The approach adjusts the
time series to eliminate biases for each monthly average of
the respective overlap periods: 1979–2002 for XPM-SII and
1972–1978 for Hadley-XPM. All three products have simi-
lar variability when detrended (Table 1). Hadley has greater
variability during early summer, but in September (the month
of the minimum extent) it is nearly identical to the SII time
series. Given this, adjusting to account for the biases be-
tween products allows the three time series to be homoge-
nized to provide a reasonably consistent trend, particularly
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Table 1. Monthly standard deviation of detrended time series for
SII, XPM, and Hadley extents for their respect periods of record.
For SII, only the 1979–2002 period is used to avoid the acceleration
in the downward trends in the last decade; the 2002 end matches the
end of the XPM period as well.
Month 1979–2002 SII 1972–2002 XPM 1953–1978 Hadley
January 0.23 0.23 0.26
February 0.23 0.26 0.26
March 0.23 0.23 0.25
April 0.26 0.27 0.28
May 0.31 0.26 0.34
June 0.20 0.20 0.33
July 0.33 0.33 0.39
August 0.37 0.35 0.49
September 0.44 0.38 0.46
October 0.30 0.33 0.25
November 0.31 0.28 0.42
December 0.20 0.22 0.30
in September, where there is great interest due to the poten-
tial to have largely ice-free conditions in the coming decades
(Wang and Overland, 2009).
Blending the three datasets is accomplished as follows.
First, because the Sea Ice Index is produced from consistent
sources with consistent processing, we use it as the founda-
tionofthecombinedtimeseriesandtheunchangedSIIextent
estimates are used for the January 1979 to December 2011
period. Using the unchanged SII values as the baseline is
done for consistency and does not imply greater conﬁdence
in SII over the Hadley estimates. An alternative, equally le-
gitimate approach, would be to adjust the SII estimates to
match the Hadley values.
The second step involves adjustment of the XPM time se-
ries to match SII. The XPM product is consistent over much
of the time series, but with potential inconsistencies due to
the use of operational ice charts during the bridging period
between ESMR and SMMR (1977–1978) and to ﬁll in gaps
in the ESMR time series. We adjust the XPM values to match
the SII time series during 1979–2002 and create a 1972–1978
time series consistent with SII values post-1978.
Finally, the 1953–1978 Hadley time series is adjusted so
that the 1972–1978 period is consistent with the adjusted
XPM, which is turn consistent with the SII. This adjusted
Hadley time series is then stitched to the SII record and the
combined sea ice extent time series consists of the adjusted
Hadley values for January 1953–December 1978 and the SII
values for January 1979–December 2011. The XPM time
series acts as bridge to foster consistency between SII and
Hadley, but the actual XPM extent values are not a compo-
nent of the ﬁnal combined time series.
This approach of course does not result in a completely
harmonized time series. The relatively short overlap period,
1972–1978, used to adjust the Hadley values may not be rep-
resentative of the overall time series. Also, the XPM time
series, though carefully constructed cannot be wholly con-
sistent because it relies on operational ice analyses. Finally
of course, the adjusted 1953–1978 Hadley time series is still
based on data of varying quality and completeness. Nonethe-
less, the approach used here, though simple, reconciles many
of the major differences between the products and produces a
much more consistent time series than simply extending the
SII time series with the original Hadley values as has been
done in previous analyses (e.g., Meier et al., 2007; Stroeve et
al., 2007; Wang and Overland, 2009).
4 Results
4.1 Analysis of adjustments to Hadley time series
The average extents for the overlap periods (1979–2002 for
SII-XPM, 1972–1978 for XPM-Hadley) and the adjustments
made to be consistent with the SII record are provided in Ta-
ble 2. The XPM adjustments vary somewhat with the season,
with generally smaller adjustments needed in summer and
larger adjustments in winter. More important is the standard
deviation of the XPM-SII difference for each month during
the overlap (noted in parentheses). This denotes the amount
of difference that is not a simple bias offset, but is due to
other varying factors. A smaller standard deviation indicates
higher conﬁdence in the representativeness of the offset ad-
justment. The standard deviation was not used for further ad-
justments to the time series, and the resulting adjusted time
series is based only on the correction for the offset between
the different estimates.
The standard deviations for the XPM-SII difference are
quite small, with most months being less than 100000km2.
This is not surprising since during the overlap period, 1979–
2002, both time series rely on the same input source (NASA
Team sea ice), with the only difference being the adjustments
made in XPM for consistency with ESMR and the ice charts.
Only July and October have months with substantially higher
values, which may be related to the peak surface melt during
July and the presence of considerable thin ice during the be-
ginning of freeze-up in October.
The adjustments to match Hadley with the adjusted XPM
(and thus SII) are larger, particularly during summer (Ta-
ble 2). This is because, as mentioned above, Hadley is more
conservative in detecting thin ice and not underestimating
melt effects. In the original Hadley ﬁelds, passive microwave
summer concentrations and extents are adjusted upward to
account for that bias. Here, we effectively do the reverse.
We ignore the passive microwave bias – focusing on consis-
tencyfortrendsandvariability–andadjusttheHadleydown-
ward to be consistent. Also, not unexpectedly, the Hadley-
Adjusted XPM difference standard deviation is higher than
for the SII-XPM difference. This is because Hadley uses a
variety of sources of varying completeness and quality and
thus is not as self-consistent as the purely or mostly passive
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Table 2. Average extents, in 106 km2, of SII, and XMP and Hadley time series with adjustments for XPM and Hadley for overlap periods
(1979–2002 XPM, 1972–1978 Hadley). Columns from left to right are: (1) month, (2) average SII monthly extent for the overlap period,
1979-2002, with XPM; (3) average XPM extent + the adjustment to match SII (St. Dev. of the average difference between XPM and SII);
(4) adjusted average XPM monthly extent for overlap period, 1972–1978, with Hadley; (5) average Hadley extent + the adjustment to match
the adjusted XPM (St. Dev. of the average difference between Hadley and Adj. XPM).
Month 1979–2002 1979–2002 1972–1978 1972–1978
SII XPM Adj. XPM Hadley
January 14.82 14.40+0.42 (0.09) 15.07 15.33−0.26 (0.30)
February 15.61 15.20+0.41 (0.11) 15.88 15.87−0.01 (0.27)
March 15.73 15.30+0.43 (0.11) 16.15 16.04+0.11 (0.23)
April 14.97 14.63+0.34 (0.06) 15.59 15.76−0.17 (0.25)
May 13.59 13.35+0.24 (0.08) 14.30 14.96−0.66 (0.19)
June 12.12 11.93+0.19 (0.08) 12.53 13.56−1.03 (0.17)
July 10.03 9.73+0.30 (0.15) 10.39 11.83−1.44 (0.23)
August 7.61 7.52+0.09 (0.07) 7.88 9.28−1.40 (0.25)
September 6.98 6.85+0.13 (0.07) 7.42 8.32−0.90 (0.29)
October 9.24 8.73+0.51 (0.22) 9.71 10.60−0.89 (0.22)
November 11.27 10.94+0.33 (0.10) 11.54 12.48−0.94 (0.44)
December 13.32 12.97+0.35 (0.12) 13.61 14.13−0.52 (0.16)
Table 3. Change in monthly extent between two consecutive years. The left two columns provide the change across the 1978 to 1979 Hadley
to SII transition. The right two columns provide the standard deviation (SD) of the change (and maximum absolute change) for years within
the Hadley period (1953–1978) and the SII period (1979–2011).
Month 1979–1978 1979–1978 1953–1978 1979–2011
SII-Orig. Had. SII-Adj. Had. Hadley SII
1extent 1extent 1extent SD (Max) 1extent SD (Max)
106 km2 yr−1 106 km2 yr−1 106 km2 yr−1 106 km2 yr−1
January 0.34 0.60 0.32 (0.78) 0.27 (0.58)
February 0.61 0.61 0.30 (0.76) 0.30 (0.70)
March 0.70 0.60 0.28 (0.59) 0.34 (0.61)
April −0.14 0.03 0.39 (0.95) 0.33 (0.77)
May −0.62 0.04 0.41 (0.82) 0.40 (0.71)
June −0.97 0.06 0.45 (0.82) 0.33 (0.64)
July −1.67 −0.23 0.42 (0.93) 0.55 (1.21)
August −1.49 −0.09 0.61 (1.50) 0.58 (1.49)
September −1.36 −0.46 0.63 (1.41) 0.70 (1.75)
October −1.20 −0.32 0.35 (0.61) 0.59 (1.65)
November −0.86 0.08 0.47 (0.99) 0.39 (0.75)
December −0.58 −0.06 0.30 (0.64) 0.23 (0.55)
Annual Avg. −0.60 0.07 0.21 (0.50) 0.24 (0.58)
microwave records. Another factor may be the short overlap
period between Hadley and XPM of only 7yr.
To further evaluate the reasonableness of the adjustment
in terms of making the combined Hadley and SII time se-
ries more consistent, we examine the year-to-year change
in extent for each month (Table 3) across the 1978 to 1979
transition (e.g. September 1979 minus September 1978) be-
tween SII and the original Hadley extent values or the ad-
justed Hadley values compared to the year-to-year changes
solely within each individual time series. Essentially, we
evaluate the magnitude of the 1978 to 1979 discontinuity
relative to the expected variability within the individual SII
and Hadley datasets. The adjustments have a relatively mi-
nor effect during the winter months because the discrepancy
between the original Hadley and SII is smaller then and the
amount of required adjustment was smaller. However, during
late spring and summer, starting in May, the discontinuity be-
tween the original Hadley 1978 values and the 1979 SII val-
ues becomes large relative to changes between other years.
In addition, the bias between the two changes, with Hadley
values lower than SII during winter (January–March), but
higher during other months. This affects the magnitude of
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Table 4. Monthly trends for different time periods of the combined
time series. Trends are in km2 per year (with trend standard devia-
tion in parentheses). Trend values in bold are statistically signiﬁcant
at the 99% level; values in italics are signiﬁcant at the 95% level.
Month 1953–2011 1953–1978 1979–2011
km2 yr−1 km2 yr−1 km2 yr−1
January −20200 (2800) +8200 (6900) −49000 (4600)
February −21600 (2700) +4500 (7000) −46200 (4900)
March −26800 (2400) −3200 (6600) −43100 (4900)
April −31300 (2400) −8300 (7500) −39400 (5200)
May −34800 (2600) −12200 (9100) −33100 (5700)
June −34400 (2200) −23700 (8900) −44600 (3900)
July −40500 (3400) −20200 (10300) −69000 (6900)
August −44300 (3900) −28000 (13100) −71600 (7700)
September −44300 (4600) −10200 (12100) −84100 (9600)
October −29900 (3800) +11800 (6700) −61700 (8400)
November −22800 (3700) +19300 (11200) −53200 (5900)
December −21900 (2700) +12700 (8000) −44900 (4000)
Annual Avg. −31100 (2300) −4100 (5900) −53300 (3900)
the seasonal cycle between the two products, as also noted
in Notz and Marotzke (2012). The 1978–1979 change is ap-
proximately double the standard deviation of the individual
Hadley and SII periods and in many months the magnitude
of the 1978–1979 change is near or above the largest change
observed in other years. While the original Hadley to SII
changes are not completely implausible, they stand out as
outliers, particularly given the large relative change during
several months in a row (May through December). In con-
trast, the change between SII and adjusted Hadley values
fall well within one standard deviation, except for January–
March when the small adjustments to Hadley have little ef-
fect on the 1978–1979 change.
The improved consistency between the adjusted Hadley
and SII time series is also readily apparent visually (Fig. 1).
During summer months, there is a noticeable and unrealistic-
looking step-down from 1978–1979 in the original Hadley
time series that disappears with the adjusted value, yielding
a more cohesive time series. In addition, the adjusted Hadley
extent values are clearly more consistent with the XPM time
series during 1972–1978. This consistency is obtained by
shiftingtheHadleyestimatesdowntomatchtheSIIestimates
and results in lower absolute extent values. The reverse pro-
cedure (shifting SII up to match Hadley) could be done if
desired and is equally justiﬁable for consistency of the time
series.
4.2 Analysis of long-term trends with the combined
adjusted Hadley and SII time series
With the adjusted Hadley and SII time series, it is possible
to examine longer term trends with more conﬁdence. Dur-
ing the Hadley era, 1953–1978, trends are smaller in magni-
tude with increasing trends during autumn and winter and de-
creasing trends during spring and summer (Table 4, Fig. 2).
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Fig. 1. Sea ice extent for (a) March, (b) June, (c) September for the
Sea Ice Index (blue) and original (dashed lines) and adjusted (solid
lines) XPM (green) and Hadley (red). March shows good agreement
between Hadley and the satellite products and thus little adjustment,
but a clear discontinuity between Hadley and SII is apparent in June
and September.
Interestingly, the largest trend is a decline in August with
September having a smaller decreasing trend. During the
satellite era, 1979–2011, the September trend is the largest in
magnitude, both in the Sea Ice Index data as well as numer-
ous other analyses (e.g., Comiso and Nishio, 2008; Cavalieri
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Fig. 2. Monthly trends for the Hadley period (1953–1978), the
satellite period (1979–2011), and the overall record (1953–2011)
in %decade−1. The ﬁnal separated points on the right indicate the
annual average (Ann). The error bars represent the 1σ range of the
trend.
and Parkinson, 2012). It is not clear from this analysis if the
different behavior in the Hadley estimates reﬂects an actual
physical phenomenon (e.g., earlier freeze-up during Septem-
ber) or is an artifact in the data.
Statistical signiﬁcance was tested following the methodol-
ogy used in Cavalieri and Parkinson (2012), which is based
on the ratio of the trend to the standard deviation of the trend,
with thresholds of 2.04 and 2.75 for 95 and 99% signif-
icance, respectively. The trends during the Hadley era are
generally not statistically signiﬁcant, with only June and Au-
gust meeting the signiﬁcance criteria at a 95% conﬁdence
level. In contrast, as has been found in other studies of pas-
sivemicrowaveextents(e.g.,Meieretal.,2007;Cavalieriand
Parkinson, 2012), in all months the trends during the satellite
era are statistically signiﬁcant at the 99% level. The over-
all combined time series for 1953–2011 is also statistically
signiﬁcant in all months at the 99% level.
The consistent combined long-term time series also allows
us to investigate changes in behavior of trends over nearly six
decades. Figure 3 shows the evolution of the trend as years
are added to the end of a time series starting in 1953. The
ﬁrst trend value in Fig. 3 is in 1962, the trend of a 10-yr time
series (1953–1962). Subsequent points extend the time se-
ries by one year each up to a trend over the full 59-yr 1953–
2011 time series. The trends are generally positive through
the 1960s and then turn negative. Early years show higher
variation (larger 95% signiﬁcance error bars), as expected
for shorter time series periods where interannual variabil-
ity will have a larger effect. Also as expected, March has
lower trends and lower variability compared to September.
-25
-20
-15
-10
-5
0
5
10
15
20
25
1
9
5
3
1
9
5
7
1
9
6
1
1
9
6
5
1
9
6
9
1
9
7
3
1
9
7
7
1
9
8
1
1
9
8
5
1
9
8
9
1
9
9
3
1
9
9
7
2
0
0
1
2
0
0
5
2
0
0
9
T
r
e
n
d
 
f
r
o
m
 
1
9
5
3
 
 
(
%
 
d
e
c
a
d
e
-
1
,
 
r
e
l
a
t
i
v
e
 
t
o
 
1
9
8
1
-
2
0
1
0
 
m
e
a
n
)
 
Year 
March September
Fig. 3. Trend and trend signiﬁcance level for period starting in 1953
and ending the plotted year for March and September. The error
bars represent the 99% conﬁdence level. Error bars that cross the
origin indicate a trend that is not statistically signiﬁcant at the 99%
level.
However, interestingly, both March and September time se-
ries reach a 95% signiﬁcance level in the same year, 1989,
as indicated by the error bars not crossing the origin (i.e.,
there is a less than 5% probability that the null hypothesis
of no trend is true). While attribution studies would be nec-
essary to directly link changes in sea ice to climate factors,
reaching signiﬁcance possibly suggests that an external forc-
ing climate signal outside of the natural variability in the ice
cover becomes evident in 1989.
Finally, we analyze all months of the time series as a
whole by calculating standardized anomalies for each month
(Fig. 4) relative to a 1981–2010 climatology (chosen for
consistency with the NOAA climate normal period). The
monthly 1981–2010 average value is subtracted from each
month in the 1953–2011 time series and then the anomalies
are normalized by dividing by the monthly 1981–2010 stan-
dard deviation. This results in a normalized unitless estimate
of monthly sea ice cover that reﬂects how many standard
deviations each month is from normal. The use of anoma-
lies has advantages for comparison with other sources (e.g.,
model estimates) because biases in the different products are
removed, yielding more robust comparisons. There is clear
short-term (month-to-month) and longer-term (interannual)
variability in the standardized time series (Fig. 4). We note
that the earliest period (1953–1956) shows a strong and con-
sistent seasonal cycle in the standardized anomaly. Estimates
from these years are based on Danish Meteorological Insti-
tute yearbooks (Walsh and Johnson, 1979), which clearly ex-
hibit a different character of the seasonal cycle. However, we
have included these years because they are continuous and
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Fig.4.ThemonthlystandardizedanomalyforJanuary1953through
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is overlaid in pink.
complete.Anincreasingtrendisapparentfromthelate1950s
to the late 1960s, but afterward, extents begin trending down-
ward,albeitwithsubstantialvariabilityandseveral2–3yrpe-
riods with increasing extents. After 1997, trends have been
more steadily downward outside of 2008 and 2009 when the
ice extent rebounded somewhat from the record low extent
year in 2007. The extents have been nearly continuously be-
low average since 2001.
5 Summary
A long record of sea ice observations is essential for investi-
gating climate changes in the Arctic. Longer records encom-
pass more variability allowing one to better understand the
relative roles of natural versus forced change in the Arctic
sea ice system. A longer time series also provides a longer
baseline to evaluate historical model simulations. This will
facilitate improvements in model physics that will improve
future model projections of sea ice. Many studies are limited
to the period since 1979 because that is the beginning of the
consistent satellite record. However, important variability oc-
curred before 1979 that cannot be properly investigated using
only passive microwave observations.
The analysis presented here demonstrates a methodology
to combine sea ice extent estimates from the pre-satellite
portion of the Hadley ISST with the multi-channel passive
microwave Sea Ice Index record in a consistent manner by
using an extended passive microwave record as bridge that
spans across both the Hadley and SII time series. The adjust-
ment creates a consistent transition between the two datasets
and a more uniﬁed long-term time series that is more suit-
able for time series analysis and comparison with models.
This adjusted time series spans 1953–2011 and can be up-
dated monthly in a consistent manner with near real-time
extent estimates from the Sea Ice Index. This represents
an improvement from previous analyses that combined the
Hadley with Sea Ice Index values without any adjustment
(Meier et al., 2007; Stroeve et al., 2007; Wang and Overland,
2009) or treated the two time series independently (Notz and
Marotzke, 2012).
The method applied here cannot guarantee absolute con-
sistency across the entire time series. Consistency within just
the pre-satellite record of the Hadley time series is limited by
lack of complete data, data of different quality, and human
judgment (both in terms of combining the different sources
and within individual products such as ice charts). However
our method minimizes inconsistencies in two ways. First, we
use the consistently processed SII record as the foundation
of the time series. Second, we remove a clear discontinuity
between the pre-satellite Hadley period and the SII passive
microwaveperiod,minimizinginconsistencyinthetransition
between the two time series.
Another advantage of our approach is that using the pas-
sive microwave record as the foundation provides ﬂexibil-
ity for use with other passive microwave products. While we
adjust the Hadley product to match the NASA Team algo-
rithm estimates distributed through the Sea Ice Index, fol-
lowing our method appropriate adjustments could be applied
to the Hadley dataset to match estimates from other con-
sistently processed passive microwave algorithm products,
such as the Bootstrap algorithm (Comiso, 1999; Comiso and
Nishio, 2008; http://nsidc.org/data/nsidc-0079.html). This
means that any multi-channel passive microwave sea ice ex-
tent time series can potentially be extended back to 1953. It
is also possible to adjust the passive microwaves estimates
to match the Hadley estimates. This is the approach used for
the passive microwave part of the Hadley record (Rayner et
al., 2003) because passive microwave concentrations tend to
be biased low, particularly during summer (though the effect
is less on the extent parameter analyzed here). On the other
hand, the earlier part of the Hadley record (1953–1978) is
based substantially on operational sea ice charts, which in the
interest of navigational safety may overestimate extent. Such
differences between the products are potentially relevant in
evaluations of model estimates.
Finally, we note that more pre-satellite sea ice records are
being collected and analyzed and improved long-term time
series are expected in the future, including an update to the
Walsh time series (J. Walsh, personal communication, 2012)
and a new version of the Hadley ISST product is planned
(N. Rayner, personal communication, 2011). However, there
will still likely be issues of consistency between pre-1979
estimates and the multichannel passive microwave record
that can be resolve using a similar approach to the one pre-
sented here. Until these new long-term products are released,
the improved consistency of our nearly-sixty year combined
Hadley-SII time series puts the substantial decline in Arctic
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sea ice extent observed in the passive microwave record over
the last 33yr in a longer-term climate perspective.
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